Purpose Organo-mineral biochar fertiliser has the potential to replace conventional biochar and organic fertiliser to improve soil quality and increase plant photosynthesis. This study explored mechanisms involved in nitrogen (N) cycling in both soil and ginger plants (Zingiber officinale: Zingiberaceae) following different treatments including organic fertiliser, commercial bamboo biochar fertiliser, and organo-mineral biochar fertiliser.
Introduction
Food security for an increasing global population is a critical challenge of this century (Zhang et al. 2010) . To ensure food security, it is imperative to boost agricultural production (Zhang et al. 2010) . However, agricultural soils have been overexploited for decades; and the results are soil degradation, erosion, and increased greenhouse gas emissions, due to higher dependence on agronomic inputs (Aguilera et al. 2013) . Several options for improving degraded soils include no-till farming, integrated nutrient management, cover cropping, and organic amendments including biochar (Lal 2009; Joseph et al. 2013) . Organic farming has been also considered as an environmentally sound method (Bengtsson et al. 2005) thanks to its benefits including less leaching of nutrients (Drinkwater et al. 1995) , less erosion (Reganold et al. 1987) , and higher species richness (Bengtsson et al. 2005) . Organic agriculture involves in a system without pesticides, herbicides, and inorganic fertilisers (Bengtsson et al. 2005) .
Nitrogen (N) is one of the main components of soil and plays a critical role in photosynthesis and consequently plant yield (Hall and Rao 1994; Xu et al. 2015; Bai et al. 2017) . Therefore, N deficiency will lead to adverse effects on plant photosynthesis. Photosynthetic rate has a strong and positive relationship with foliar N content (Reich et al. 1998a,b; Wright et al. 2004) , suggesting that changes of photosynthesis should link to N of both soil and plant. Soil-plant N dynamics can be studied by using N isotope composition (δ 15 N) which provides an indication of N dynamics in soil and plant systems (Hietz et al. 2011; Reverchon et al. 2014) . For nonleguminous plants, δ 15 N is a reliable indicator of biotic processes including mineralisation, nitrification, and immobilisation due to discrimination against the heavier 15 N isotope (Hogberg 1997; Criss 1999) .
Biochar treatments are known to enhance photosynthesis in some plants including Vitis vinifera (L.) and Malus hupehensis Rehd (Baronti et al. 2014; Wang et al. 2014; Xu et al. 2015) . Biochar enhances photosynthesis by (1) acting as a slowreleased N fertiliser (Taghizadeh-Toosi et al. 2012a,b; Bai et al. 2015b; Xu et al. 2015) , (2) improving soil available water (Buss et al. 2011; Basso et al. 2013; Baronti et al. 2014) , and (3) absorbing plant toxins present in the soil (Buss et al. 2011) . Biochar impacts the transformation of soil N; it is hence expected to impact leaf TN and photosynthesis Xu et al. 2015) . When biochar improves N uptake and increases soil mineral N (NH 4 + -N and NO 3 − -N), it also helps to increase leaf TN content and therefore increases plant photosynthesis. Alternatively, in some cases, better N supply may improve total photosynthesis of the plant by stimulating plant growth and increasing total foliage but may have no effect on leaf TN (Cao et al. 2008) . However, the positive effects of biochar on photosynthesis are not observed in some cases. For example, sawdust biochar did not significantly affect chlorophyll contents of maize (Zea maize L.), winter wheat (Triticum aestivum L.), peas (Pisum sativum L.), and summer barley (Hordeum vulgare L.) (Haider et al. 2017) . Biochar also did not affect chlorophyll fluorescence, photosynthetic carbon gain, and water use efficiency (WUE) of two herbaceous plants Abutilon theophrasti and Prunella vulgaris . The reasons for such contradictory observations remained unexplained.
Biochar has been studied for decades as a promising material to improve soil N, acting as a slow N-release fertiliser and/ or reducing N leaching (Clough et al. 2013; Bai et al. 2015a; He et al. 2016; Hosseini Bai et al. 2016; Nguyen et al. 2017) . Biochar affects soil N availability in different ways including abiotic (sorption, volatilisation, leaching) , and biotic (fixation, mineralisation, immobilisation, denitrification, plant uptake) processes (Lehmann and Joseph 2009; Clough et al. 2013; Nguyen et al. 2017) . A recent meta-analysis has reported that biochar generally reduces on average available N by 10% soil inorganic N (SIN) regardless of experimental conditions within the first year of application (Nguyen et al. 2017) . However, the soil N can be released eventually (Taghizadeh-Toosi et al. 2012a,b) .
There is a need to develop more intensive-nutrient biochar while decreasing the cost of inputs, because biochar application at high rates may not be economically viable Bach et al. 2016; Farrar 2016) . Organo-mineral biochar fertiliser is defined as a low-dose, high-efficiency biochar fertiliser product ). It allows low-cost, intensive N application to soil without the side effect of conventional fertilisers (e.g. burning crops) due to the chemical/physical bonding of N in biochar and N preservation effect (Joseph et al. , 2015 . The production methods of organo-mineral biochar fertiliser include torrefaction of the mixture between biochar and other materials (e.g. clay, ground rock, minerals) (Lin et al. 2013 ); prepyrolysis (i.e. slow-pyrolysing feedstock with minerals and nutrients at low temperature 350-450°C), post-pyrolysis (i.e. mixture of biochar and minerals/nutrients/manures is treated with heat or chemicals), and composting with organic materials ). In our complementary study, organo-mineral biochar fertiliser improved soil phosphorous (P) and potassium (K) availability and improved the commercial value of ginger (Zingiber officinale: Zingiberaceae) by + 36% due to an increase in the proportion of higher grade rhizomes (Farrar 2016; Joseph et al. 2016) . However, the mechanisms remain unclear.
The mechanisms of biochar affecting N cycling and plant physiology have been studied (Jeffery et al. 2011; Biederman and Harpole 2013; Liu et al. 2013b; Reverchon et al. 2014) . However, the mechanisms of how organo-mineral biochar fertilisers affect N cycling and plant physiology have not been fully understood. The aim of this study was to investigate N dynamics of both soil and plant under the influence of organic fertiliser, commercial biochar, and organo-mineral biochar fertiliser in an organic ginger farming. We examined the driving mechanisms in changes of plant and soil N, and plant physiology following treatment applications using δ 15 N and gas exchange measurement. We hypothesised that organomineral biochar fertiliser would improve ginger photosynthesis due to increased N uptake compared to other treatments.
Materials and methods

Site description
The study was conducted at Mt. Mellum, QLD, Australia, at a local organic ginger farm (26°47′ 35″ S, 152°56′ 18″ E). The pot trial was established in October 2014 and harvested in May 2015. The average maximum monthly temperature during the experiment ranged from 22 to 27°C, and a total of 1680 mm of precipitation was recorded nearby (Farrar 2016) . The soil type was a black dermosol (AE DE), brown clay loam texture as classified in Isbell (1996) .
Pot trial establishment
The soil was collected from the unfarmed site at 300 mm depth, homogenised, and sieved through a 5-mm mesh before being used for the experiments (Farrar 2016) . In summary, soil properties were typical of a black dermosol with a pH of 6.1; soil total C (TC) of 2.71%; and soil total N (TN) of 0.27%. , respectively (Table 1) . Ten litres of soil were placed into 300 mm plastic pots. Ginger seed rhizomes were selected and prepared carefully to ensure the similar weight (60 g) and the numbers of eyebuds (at least two) among pieces. The rhizomes were randomly placed on the top of the soil and were then covered by 2 L of pine sawdust as in general ginger farming practice.
The pots were irrigated with a Meganet™ 250 L h −1 overhead sprinkler controlled by a Rain Bird STPi Controller™ at a height suitable to plant size, approximately 300 mm greater than the tallest plants at any growth phase (Farrar 2016) . Regular irrigation was applied to maintain moisture over the growing season according to the guidelines of Camacho and Brescia (2009) .
Treatments and experimental design
There were four treatments including (1) commercial organic fertiliser 5 t ha −1 as the control, (2) commercial bamboo biochar fertiliser at 5 t ha
, (3) organo-mineral biochar fertiliser at a low rate (3 tha ), and (4) organo-mineral biochar fertiliser at a high rate (7.5 t ha
−1
). The summary of treatments was shown in Table S1 (Electronic Supplementary Material). Low rates of biochar application have the potential to be costly for farmers so organo-mineral biochar fertiliser at the low rate was tested to see how a reduced rate affects soil N. The properties of amendments are summarised in Table 1 . Each pot in the organic fertiliser and commercial bamboo treatments received additional gypsum (25 g), rock phosphate (5 g), granular boron (0.125 g), and potassium sulphate (1.25 g) as per current farmer practice (Farrar 2016) . A randomised block design with ten replicates was established. Blocks were numbered from 1 to 10.
The commercial bamboo biochar was produced from bamboo charcoal, bamboo ash, bamboo vinegar, rice bran powder, bean dregs, and water. The product was sourced from a commercial supplier.
Organo-mineral biochar fertiliser production was described in Farrar (2016) . In short, the production of this biochar was c u s t o m i s e d f o l l o w i n g a n o r i g i n a l f o r m u l a t i o n (PCTI/AU2010/000534, Anthroterra Pty Ltd., Somersby, NSW, Australia) (Chia et al. 2014) . Two different biochar products including manure-based biochar (P1) and bamboobased biochar (P2) were mixed with organic fertiliser, gypsum, rock phosphate, granular boron, and potassium sulphate at the same rates as above. The mixture was post-pyrolysed for 24 h at 180°C. P1 was a home-made biochar produced from fresh poultry litter, barley straw, iron oxides, and clays (percentage ratio of 45:45:5:5) at 450°C highest temperature treatment. P2 was a mixture of high HTT (600°C), low HTT (450°C) bamboo biochar, organic fertiliser, iron oxides, and iron sulphate (percentage ratio of 8:32:50:5:5). P1 and P2 were combined with minerals, organic fertiliser, clays, barley s t r a w a s h , a n d m a g n e t i t e ( p e r c e n t a g e r a t i o o f 30:20:18:15:10:5:2). The final mixture was moistened, homogenised, and baked at 80°C for 4 h.
Sample collection and analysis
Plant and soil samples were collected from five pots per treatment for chemical and gas exchange measurements. The pots were from blocks 1, 2, 4, 5, and 8. Blocks 3, 6, 7, 9, and 10 were eliminated because some plants in those blocks were dead. Three sample collections were conducted in January, March, and May 2015 (approximately at weeks 14, 22, and 30 after planting, respectively) to reflect the middle and end of the growth phase and senescence of ginger, respectively (Nair 2013) . The harvest was undertaken in the middle of May 2015 (at week 30) when plants had displayed advanced stages of senescence.
The index of N uptake per plant in stems/roots/leaves (UI) was calculated for stems, roots, and leaves as the following equation: (Bi et al. 2011; Tahmasbian and Sinegani 2016) N uptake per plant stem mass mg pot-
The N use efficiency (NUE), i.e. the net primary production per unit of nitrogen absorbed, was calculated as aboveground dry matter produced per mg leaf-N (Golluscio 2007; Kammann et al. 2011) .
NUE of belowground biomass was not calculated due to uncertainties in measuring total C and total N related to the drying of rhizomes.
Gas exchange measurement and leaf analyses
Photosynthetic gas exchange measurements were conducted for five selected plants per treatment in January and March 2015, weeks 14 and 22 after planting, respectively, using a portable photosynthesis system (Li-Cor 6400, Lincoln, NE, USA) equipped with CO 2 and temperature control modules. We could not do gas exchange measurement for the harvest because of the senescence of the leaves. The first two fully expanded mature leaflets from the top of the first stem were selected for gas exchange measurement. The A-Ci curve, i.e. a steady-state response of photosynthesis (A) to internal leaf TCO 2 partial pressure was generated for each selected leaf at 28°C between 9 a.m. and 4 p.m. External CO 2 partial pressure (C a ) was set to 10 or 11 levels between 5 and 200 Pa (2000 ppm). At each C a set point, photosynthetic parameters were recorded when gas exchange had equilibrated (Xu et al. 2015) . The leaves were then cut, scanned with Win Folia 2004 (Regent Instrument Inc., Sainte-Foy, Quebec, Canada) to measure leaf area, and dried at 65°C for further analysis. The A-Ci curve was analysed by using the Photosynthesis Assistant (Dundee Scientific, Scotland, UK) to calculate maximum carboxylation rate of Rubisco (Vcmax) and RuBP regeneration capacity mediated by maximum electron transport rate (Jmax) of each leaf. Photosynthetic rate at the saturation point (Asat) and maximum photosynthesis (Amax) was calculated at photosynthetic photon flux density (PPFD) of 1500 μmol m −2 s −1 and 30 Pa Ci (300 ppm). Asat, Amax, specific leaf area (SLA), and leaf TN were used to calculate mass-based Asat and Amax, and N-based Asat and Amax. SLA was calculated by the following equation: (Vile et al. 2005 )
The leaves were dried until a constant weight, weighed to 0.0001 g (Mettler AE200, Mettlar Toledo, Port Melbourne, Victoria, Australia) and ground into fine powder by RocklabsTM ring grinder to be analysed for soil TN, soil TC, C and N isotope compositions (δ 
where R is the isotope ratio R sample is the ratio 
Soil sample collection and analyses
Approximately 100 g of soil was taken from five selected replicates without disturbing roots at each sampling time.
The soil samples were sieved through 2-mm mesh before (Bai et al. 2015b) . Another subsample was extracted by water to measure water soluble organic C (WSOC) and water soluble soil TN (WSTN) by using a Shimazu TOC-V CHS/CSN TOC/N analyser (Bai et al. 2015b ). The air-dried soil was ground by RocklabsTM ring grinder to measure soil TC, soil TN, δ 13 C, and δ
15
N by a continuous flow isotope ratio mass spectrometer (GV Isoprime, Manchester, UK).
Statistical analysis
All data were tested for normality using Shapiro-Wilk normality test and for homogeneity of variance using Levene's test. Data were initially analysed by a repeated measures analysis of variance (ANOVA) with sample weeks as the repeated measure. Due to significant interactions between sample weeks and treatments for many parameters, data were analysed by using a series of one-way analysis of variance (ANOVA), followed by Duncan's new multiple range test (p < 0.05) when differences between individual treatments was detected. A stepwise regression using a linear model was then performed to determine which soil variables (soil C, N fractions, and soil δ uptake index, and NUE aboveground ). A one sample t test was used to test whether the Δ 15 N significantly differed from zero. Pearson correlations were used to investigate the relationships between soil and plant variables. The relationships between Asat and leaf TN were addressed using linear regression. All analyses were conducted using SPSS v22.
Results
Effects of treatments on soil properties
Soil total N (TN) was lower in the organo-mineral biochar fertiliser treatment at the low rate at week 30 compared with other treatments (Fig. 1a) . Soil NH 4 + -N was not affected by the different treatments (Table 2 ). Soil NO 3 − -N and total inorganic N (TIN) were significantly affected by treatments at week 30, in which higher NO 3 − -N and TIN were observed in the commercial biochar treatment than in organo-mineral biochar fertiliser treatment at the high rate ( Table 2 ). The commercial biochar fertiliser treatment also increased WSTN significantly compared to other treatments at week 30 (Fig. 1b) . Soil δ
15
N was the most enriched in the organo-mineral biochar fertiliser treatment at the high rate at week 30 compared to other treatments (Fig. 1c) . Organo-mineral biochar fertiliser at the low rate had lower soil total C (TC) than that of other treatments at week 14 and lower than that of organo-mineral biochar fertiliser treatment at the high rate at weeks 22 and 30 (Table 2 ). Significant effects were only observed for soil WSOC at week 30, in which higher WSOC was found in the commercial biochar fertiliser treatment compared to the organic fertiliser treatment and the organo-mineral biochar fertiliser treatment at the low rate (Table 2) .
Effects of treatments on plant N and photosynthesis
Leaf TN and TC were significantly affected by biochar treatments at week 14, in which organo-mineral biochar fertiliser applied at the low rate significantly increased leaf TN compared to organic fertiliser and commercial biochar fertiliser (Fig. 2) and increased leaf TC compared to organic fertiliser (Table 3 ). Leaf δ 15 N was more enriched in the organic fertiliser treatment compared with the commercial biochar fertiliser treatment and the organo-mineral biochar fertiliser treatment at the low rate at week 30 (Table 3 ). δ 15 N of the stem and root were also influenced by amendments (Table 3) . The commercial biochar fertiliser amendment decreased δ 15 N of both stem and root significantly compared to organomineral biochar fertiliser at the high rate (Table 3) . Δ 15 N leaf-soil showed significant differences among treatments at weeks 22 and 30 (Fig. S2) . A one sample t test showed that Δ 15 N root-leaf and Δ
15
N root-stem significantly differed from zero (Fig. 3) . Photosynthetic parameters including mass-based Asat, Amax (Fig. 4) , and specific leaf area (SLA ; Table 3 ) were significantly different among treatments. Other parameters including Asat, Amax, N-based Asat, N-based Amax, Jmax, Vcmax, Jmax/Vcmax, and uptake index were not significantly different among treatments (Table S3 ). The organo-mineral biochar fertiliser treatment at the high rate increased SLA at week 22 compared to the commercial biochar fertiliser and organic fertiliser treatments (Table 3) . Mass-based Asat and Amax were also significantly higher in the organo-mineral biochar fertiliser treatment at the high rate compared with the organic fertiliser treatment (Fig. 4a) . The organo-mineral biochar fertiliser treatment at the high rate significantly increased NUE of aboveground biomass compared with other treatments (Fig. 4b) .
Relationship between soil and plant
Stepwise regression showed that soil TN and WSTN best explained leaf TC and leaf TN, 17 and 32% of variation, respectively (Table 4) . WSTN and soil δ 15 N explained 39% of leaf δ 15 N. Also, root δ 15 N,and SLA were explained by WSTN (20, 29, and 31% of variation, respectively). Soil TN could explain the response of mass-based Asat and Amax (Table 4) . Asat had a strong linear correlation with leaf TN (Fig. S1, Electronic Supplementary Material) . Correlations between soil and plants variables were shown in supplementary Tables S4, S5 , and S6 (Electronic Supplementary Material).
Discussion
Our main findings were (1) organo-mineral biochar fertiliser at the low rate improved N uptake initially (week 14) although this effect was not evident at harvest (week 30), (2) organomineral biochar fertiliser at the high rate increased NUE of the aboveground biomass compared to other treatments due to increased photosynthesis, and (3) treatments did not affect N fractionation during plant N uptake and assimilation.
We found that the organo-mineral biochar fertiliser treatment at the low rate increased leaf TN and decreased soil TN compared with the organic fertiliser and commercial biochar fertiliser treatment at week 14 (Fig. 1a) . Improved N accumulation in leaves at week 14 may be due to the increased N availability for a short time after organo-mineral biochar fertiliser application. We think that stimulating a positive priming effect as supported by soil TC and WSOC data would be one of the main mechanisms for this observation. We found that at week 14, soil TC of organo-mineral biochar fertiliser at the low rate was lower than other treatments, but WSOC was similar in all treatments ( Table 2 ), indicating that degradable biochar-C and the positive priming effect in organo-mineral biochar fertiliser at the low rate were greater than other treatments. This was because the post heating of biochar could further decompose C of both biochar and chicken manure (Lin et al. 2013) , which increased dissolved organic C in biochar (Darby et al. 2016 ). The boosted soil priming effect also increased soil N mineralisation, as shown by a significantly positive correlation between WSOC and WSTN at week 14 (Table S4 , Electronic Supplementary Material). Foliar TN was well explained by soil TN and WSTN (Table 4) suggesting that available N in organo-mineral biochar fertiliser at the low rate treatment was quickly assimilated and accumulated in leaves leading to increased foliar TN in this treatment. The increased N uptake coincided with the significantly higher foliar C assimilation in organo-mineral biochar fertiliser at the low rate compared to organic fertiliser (Table 3) , which suggested that organo-mineral biochar fertiliser at the low rate boosted ginger leaf development initially. At harvest, we found that even soil TN was lower in the organo-mineral biochar fertiliser treatment at the low rate compared to other treatments, and plant N uptake was not restricted by organomineral biochar fertiliser at the low rate because plant N Fig. 2 Responses of leaf N to treatments at weeks 14, 22, and 30 after planting (CBF, commercial bamboo biochar fertiliser; OMBF, organomineral biochar fertiliser). Values shown are mean ± SE (n = 5).
Different letters show significant differences at p < 0.05. Hatched column (organic fertiliser), white column (CBF), grey column (OMF low), and black column (OMBF high) tissues in the organo-mineral biochar fertiliser treatment at the low rate did not differ compared with other treatments (Fig. 2 and Table 3 ). We did not measure mineralisation rate; however, we could not eliminate the longer-term priming effect in organo-mineral biochar fertiliser at the low rate at week 30. Biochar used in organo-mineral biochar fertiliser may play an important role in boosting priming effect as suggested in other studies when pure biochar was used. A recent meta-analysis reported a positive priming effect of biochar until 200 days (Maestrini et al. 2015) , and the literature also observed a positive priming effect of biochar until 2.3 years after application (Singh and Cowie 2014; Weng et al. 2017) .
Studies have shown that plant growth at initial stages plays important roles to affect final outcomes of plant (Maas 1993; Hatfield and Prueger 2015) . Therefore, more frequent measurements should be conducted to help detecting variations in plant growth and causes behind this trend. Survival analyses can be used to assess differences of plant growth among treatments (Motulsky 1995; Ladd and Facelli 2008 ). An event for the analyses can be a growth factor, for example seedling emergence, occurrence of a disease, and mortality rate. Censored data correspondingly may be the number of seeds that failed to emerge and number of plants that get infected and die. Recent study of Ladd and Facelli (2008) also developed a calculation method which might help comparing effects of amendment types on plant growth, in which interaction coefficient of soil N and plant growth could be calculated as an α index. This method has been proven to be potential valid and can be used in the future biochar studies.
Interestingly, the organo-mineral biochar fertiliser treatment at the high rate did not clearly trigger the priming effect as observed in the low rate treatment since we found no significant difference in soil TN, WSTN, leaf TN, and WSOC between high rate organo-mineral biochar fertiliser and other treatments (Figs. 1a and 2 ). In a complementary study, we have observed a higher allocation of N on the surface of organo-mineral biochar fertiliser than commercial biochar fertiliser, which suggested a higher N adsorption capacity of organo-mineral biochar fertiliser compared with commercial biochar fertiliser (our complementary unpublished data). New formations of binding sites on the biochar surface occur as a result of the incorporation of organic matters, minerals, and magnetic iron into the fertiliser matrix, leading to increased soil CEC and decreased loss of nutrients in general and N in particular (Lehmann 2007; Sohi et al. 2010; Joseph et al. 2013; Chia et al. 2014; Vaccari et al. 2015) . Our result was concordant with another study which has reported a high NH 4 + -N on the surface of organo-mineral biochar fertiliser (also produced from poultry litter, clay, and minerals) due to strong interactions between dissolved organic C, clay and mineral phases during pyrolysis (Lin et al., 2013) . This produced many active sites on the biochar surface, so that NH 3 / NH 4 + -N could be absorbed (Tsutomu et al. 2004; Asada et al. 2006; Lin et al. 2013) . Organo-mineral biochar fertiliser at the high rate had higher biochar content compared to of the low rate, leading to increased adsorption and masking of the positive priming effect. Thus, we suggest that a stronger N adsorption in the organo-mineral biochar fertiliser treatment at the high rate compared to the low rate treatment as one of the main driving mechanisms for this observation.
The NUE of the aboveground biomass was improved by the organo-mineral biochar fertiliser amendment at the high rate despite the fact that no significant differences in plant N tissues were observed among treatments ( Fig. 2 and Table 3 ). In our complementary study, we also found a significant increased aboveground biomass by organo-mineral biochar fertiliser at a high rate compared to other treatments (Farrar 2016; Joseph et al. 2016) . The greater aboveground biomass by organo-mineral biochar fertiliser at the high rate was partly attributed to increased photosynthesis. The SLA in the high rate organo-mineral biochar fertiliser treatment did not differ from organic fertiliser at week 14 when ginger plants were initiating growth; however, at week 22 we found a significantly greater SLA in the organo-mineral biochar fertiliser treatment at the high rate compared to organic fertiliser when the plants were at a more important stage of vegetative growth and rhizome formation (Nair 2013) . SLA and mass-based Asat correlate with relative growth rate (RGR) in herbaceous plants (Reich et al. 1998a,b; Shipley 2006) . Therefore, this suggests that organo-mineral biochar fertiliser amendment at the high rate increased plant RGR, supported by the higher mean stem height, stem weight, and aboveground biomass in this treatment compared to other treatments (Farrar 2016) . The stepwise regression suggested that SLA, mass-based Asat and Amax could be further explained by WSTN and soil TN, respectively. This treatment had higher N content when applied compared to other treatments (Table S2 , Electronic Supplementary Material) which may have been released over time and have been available for plant assimilation resulting in improved photosynthesis. Our results agreed with previous studies that showed higher soil N availability leads to higher net photosynthetic rate (An) and water use efficiency (WUE) of Robinia pseudoacacia (Liu et al. 2013a) , Artemisia tridentata ssp. wyomingensis, and Polygonum sachalinense (Doescher et al. 1990; Osada et al. 2010 ). However, the high rate organo-mineral biochar fertiliser treatment did not increase yield compared to organic fertiliser and organomineral biochar fertiliser at the low rate treatments, but it increased the proportion of larger rhizomes (Farrar 2016 ). This could be associated with the higher NUE of aboveground biomass of ginger plants in the high rate organo-mineral biochar fertiliser treatment compared to other treatments. In addition, our complementary work reported that organo-mineral biochar fertiliser at the high rate could provide higher phosphorus (P) availability for plants compared to other treatments (Farrar 2016) , perhaps improving photosynthesis in the high rate treatment since P is another crucial element of plant photosynthesis (Niinemets et al. 2001; Xu et al. 2015) . Plants treated with commercial biochar fertiliser showed similar aboveground NUE to those treated with organomineral biochar fertiliser at the low rate. However, the organo-mineral biochar fertiliser treatment at the low rate used much less biochar, since our commercial biochar fertiliser contained 45-55% bamboo biochar produced at 450°C whereas organo-mineral biochar fertiliser only comprised of 30% charcoal produced at 400°C. Therefore, amendment with organo-mineral biochar fertiliser at a low rate is more economically viable. In brief, organo-mineral biochar fertiliser has agronomic advantages over inorganic and raw organic (manure-based) N fertiliser because it allows farmers to put high concentrations of nutrients into soil without restricting N availability, N uptake, and plant photosynthesis. Inorganic N fertiliser can be leached quickly from the soil (Di and Cameron 2002; Constantin et al. 2010 ) whereas slowreleased N fertiliser e.g. is expensive (Guertal 2009) , and raw manure fertiliser may burn crops (Steiner et al. 2007) .
Our results indicated an N fractionation during N transformation and transport between roots and other plant parts, as Δ 15 N root-leaf and Δ
15
N root-stem differed significantly from zero. Nonetheless, there was no N fractionation between stem and leaf. Fractionation was not affected by amendments because there was no significant difference of Δ 15 N between plant parts among treatments. A difference in N isotopic composition between roots and leaves reflected a fractionation during transformation within the plant when roots and leaves had the same N source (Evans 2001; Pardo et al. 2013 ). It was due to different patterns of N assimilation and reallocation between different plant parts (Evans 2001) . Stem TN had a negative correlation with the stem 15 N signal (Table S6 , Electronic Supplementary Material), which further confirmed the discrimination when N was transported within plants via stems (Kalcsits et al. 2014) . Our study confirmed the finding of Pardo et al. (2013) N were equivalent, they should be correlated which was not evident in our study.
Conclusions
In summary, our results showed that organo-mineral biochar fertiliser amendment at the low rate did not restrict plant N uptake, and when applied at the high rate, it even improved photosynthesis, which might contribute to increase NUE of the aboveground biomass. Organo-mineral biochar fertiliser has agronomic advantages over inorganic and raw organic N fertiliser because it allows farmers to put high concentrations of nutrients into soil without restricting N availability, N uptake, and plant photosynthesis. Therefore, we recommend applying the low rate of organo-mineral biochar fertiliser as a substitute for commercial organic fertiliser.
